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The purpose of this investigation is to develop components for oversized
waveguide configurations for which a/A and b/A are in the range of 1.5 - 2.25

for the TEl mode in rectangular waveguide and where D/A is at least 1.7 for the

0
TEOI mode in circular iaveguide. The components considered shall Include E-
and H-plane beads, wmode absorbers, 3 db directional couplers, pressure windows,
resonant rings and rctary joints. Where necessary, the theoretical and com-
puter studies shall be verified before design data i3 finalized. These com-

ponents may be developed through whatever design concepts are necessary to

assure high peak and high average power.

The present report presents experimental results at X-band for -3 ¢b
multi-hole side wall directional couplers. These couplers employ tapers along
the coupling region to reduce the waveguide width from 2.800" to 2.050". The
reduction in width is necessary in order to increase the coupling per umit
length. In this way a -3 db coupler having a length equal to 45" can be ob-
tained. A method ie described for cancelling the mode conversion caused by the

tapers by means of metal and dielectric wedges placed on the side walis.

Experimental results are presented for an X-band mode absorber in which

the TE,, mode in the 2.800" wide oversized waveguide is coupled to 0.933" wide

30
waveguide by means of side wall slots. Experimental results are also presented
for a mode absorber for the TEmn’ Tuhn degenerate mode pairs. 1In this czse a

length of waveguide having an hexagonal cross section is employed to remove the
degeneracy. -
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1.0 INTRODUCTION

The purpose of this program is the development of components for over-
gized waveguide having high power handling capability. Components for both
rectangular and circular waveguides will be considered; however, emphasis
will be placed on rectangular waveguide components. Both waveguide dimensions
for the rectangular waveguide components will range between 1.5 to 2.25 free
gpace wavelengths, and the diameter of the circular waveguide components will
be at least 1.7 free space wavelengths., The design objective is to develop
components capable of carrying 5 megawatts of pe.k power and 100 kilowatts of
average power, and which can operate over at least a 5% bandwidth at X band,

with spurious mode levels below -20db.

Highest priority will be given to the development of a -3 db muiti-hole
directional couﬁler, mode absorbers, resonant rings, and pressure windows.

E-plane bends, quasi-optic couplers, transducers from the rectangular waveguide

TE0 mode to the circular waveguide TEgl mode, non-hybrid power dividers, and

10
E-plane bends will also receive attention.
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2.0 MULTI-HOLE SIDE WALL DIRECTICNAL COUPLERS IN OVERSIZED RECTANGULAR WAVEGUIDES

In Reference 2 the problem of obtaining the relatively large values of coupling
per unit length required for a - 3 db coupler of reasonable length (44") was
congidered. One approach investigated was the use of hole spacings of the order
of 3M\/4. It had been hoped that such spacings would allow the use of large aper-
tures, and would result in high values of coupling per unit lergth along with
high directivity. Theoretical and experiment&l results were presented, however,
which showed that the spacings of the coupling holes must be less than A/2 in
order to prevent resonances in the coupling characteristice, associated with

the formation of "grating waves™.

A second approach which was investigated was to decrcase the waveguice
width from 2.800" to 2.050" in order to obtain greater coupling per unit length
for a given hole size and spacing. Experimental results for this dpproach are

presented in the following sections.
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2.1 EXPERIMENTAL RESULTS WITH WIDTE REDUCTION TAPERS

A design for a 22" variable curvature taper for reducing the waveguide

width from 2.800" to 2.050" was described in Section 2.43 of Reference 2. In

NN

the past period fabrication and testing of this taper were completed. Figure 2,1
shows the measured values of the spurious mode voltages for the taper alone.
These data were obtained using the directional coupler test assembly shown in
Figures 2.15a and b of Reference 2. In this case a pair of the 22" tapers were
assembled along one of the side walls and the common side wall normally con-
taining the coupling apertures was replaced by a solid conducting wall, It is
geen that the meagured values of the spurious mode voltages for the two tapers

in cascade are unexpectedly high. The theoretical value' for a singie taper

had been ecsctimated to be less than - 30 db. (See Section 2.43 of Reference 2.)

Figure 2.2 shous measurod values of the spurious mode voltages in Port 3 r
(the coupled port) for a - 3.4 db (at 9.0GHz) directional coupler employing
the variable curvature taper and a constant hole spacing d = 0.600", constant
strip widths W = 0.050" and constant strip thickness t = 0,100". These
relatively poor results were attributed to a poor distribution function for the %
coupling along the coupling region. Since constant strip widths and spacings
were employed, the distribution of the coupling wap determined solely by the

variation of the waveguide width along the coupling region.

Calculations were performed to determine how the strip widths should be
varied along the coupling region in order to obtain a desirable distribution
function for the coupling. It was found that with the variable curvature tapers,

' é'satisfactory distribution of the coupling could not be obtained ‘." result of
the relatively rapid decrease of waveguide width in the region near the center of
the coupler. 1In this region the coupling is not required to change very repidly
in the case of typical desirable coupling distributions that may be employed.

3




Experiments were also carried out with s*..ight tapers as shown in Figure 2.3.
Figure 2.4 shows spurious mode voltages meas.sed for a pair of straight tapers each
having a length T = 10.112" separated by a s:raight section having width = 2,050"
and length § = 23.776". It is seen that the spurious mode voltages generated by
these tapers aloie is below -25 db in a narrow frequency band centered near 8.7GHz.
Figures 2.5 and 2.6 show the spurious mode voltages for a -2.5 db (at 9.0GHz)
directional coupler employing these tapers. In this case a 44'" uniform grating
having W = 0.075, t = 0.100" and d = 0.600" was employed. It is seen that the
values of the spurious mode voltages measured for the directional coupler are

somewhat higher than the values measured with the taper alone.

Figures 2.7 and 2.8 show the measured spurious mode voltages for a -2.7 db
(at 9.0GHz) directional coupler employing the same straight tapers as described

above, but witn a tapered hole distribution designed to produce a coupling dis-

102
*
tribution, k(z) given by 0.0121 sin 3% + 0.0026, where z is the distance meas-
101

ured along the coupling region of length L = 44.6" (75 coupling holes). By com-
paring Figures 2.5 and 2.7 and Figures 2.6 and 2.8, it can be concluded that the
spurious mode vcltages obtained with the tapered hole distribution are not sig-
nificantly lower than those obtained with the uniform hole distribution. It ap-
pears that the principal effect of the change in the coupling distribution has
been to shift the frequencies at which maximum and minimum values of spurious
mode voltages occur. This led to the conclusion that the discrete discontinuities

in the width reduction taper were the principal sources of mode conversion.

As a result of the above conclusion it was decided to try a longer straight
taper. Figure 2.9 shows the measured gpurious mode voltage obtained with a pair

of straight tapers each of length, T = 15.600" and separated by & section cf

*
k102 is defined as the coupling between the TEIO modes in the two coupled

waveguides 1 and 2.
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straight waveguide of length S = 15.C00". This combination of S and T rescited
when a minimum strip width of 9.050" at the center of the coupling regiom and
a monotonic variation of coupling along the coupiing region uere specified.

A strip width of 0.050" was considered the minimun alicwable valuve as a resul:

of considerations of high CW power.

The data in Figure 2.9 for the 15.600" tapers should be compaied with the
data shown in Figure 2.4 for the 10,112" tapers. Both sets of data were ob-
tained in the same way. Since mode conversion for each discontimuity ir a
straight taper is inversely proportional to the taper length¥ it had beem
expected that the average spurious mode ievel with the 15.5" tapers would be
roughly 3 db lower than with the 10.112" tapers. It ic seen that this ex-
pectation was certainly not borne out in tiLc case of the TEZO 2ode. Appar-
ently, the spurious mode voltages produced at the four discrete taper dis-
continuities in the 15.600" tapers added constructively at frequencies around
9.1GHz to produce a - 14 db value for the ratio TEZOITEIO. The measured valuves

for a - 2.7 db (at 9.0GHz) directional coupler employing these tapers are showm

in Figures 2.10 and 2.11. Inspection of these data again leads to the comclmusion

that the tapers produce a major part of the mocde conversion in the directional

coupler.

The poor results obtained with both the variable curvature taper aand with
the straight taper configurations led to the conclusion that it would be dif-
ficult to design tapers having low mode conversion over reasonably broal fre-
queucy band widths by employing several discrete taper discontinuities. Ia
such tapers one must rely on a cancellation of the spurious mode voitages from
the several taper discontinuities, with cancellation b2ing required im bozh
output ports. The problem of predicting the frequencies at wkich canceliatiomns
occur is made diffi:ult by the fact that coupling holes affect the modal pro-

pagation constants. A change in the coupling distribution would therefore

5

% See Appendix 1.
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upset the taper design, ind a change in the taper of course affects the cougling.

For these reasons it was decided to investigate techniques for compensating
each of the discrete taper discontinuities individually by means of compensaiing
devices. By placing the compensating device close to the discontinuity one
should be able to achieve low spurious mode voltages over a broad frequency
bandwidth. Two approaches for compensating the individual taper discontinuities

are described in the next section.
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metrical H-plene tapers which excite predominantly the TE

2.2 EXPERIMFNTAL RESULTS WITH COMPENSATED TAFERS

FPigure 2.1z shows the transmission characteristics of the coupler whose
predominately TEzo spurious mode conversion characteristics are presented in
Figures 2.10 and 2.11. The swept frequency test signal was fed into port 1
through a low mode converting taper from WR112 waveguide to the 2.800" x
2.500" oversized waveguide. The signal was removed from the port under test
through a second taper from oversized to WR112 waveguide. The other ports were
terminated in multimode loads. This resulted in some trapping and resonating
of the spurious mode energy particularly when measuring port 1 to port 2
transmission characteristics as can be seen by the rather savere spurious

TE,, mode resonance absorption dips in Figure 2.'?., Thus the swept frequency

20
transmission characteristics of the coupler were used as a qualitative measure
of the magnitude of the total spurious mcde conversion coefficients. The

purpose of the compensating devices described in the following was to minimize

the TE,, spurious mode corversion without excessive excitation of other spurious

20
mrdes.,
Since it had been concluded that the dirsctional coupler width tapers were
the major cause of the excessive TE20 spurious mode levels (see Sect. 2.1),
it was reasoned that a first order compensation might be made by working with
the tapers algne, i. e., with the coupling hole grating replaced with a solid
wall, Four Aiscrete discontinuities, consisting of abrupt changes of side wall
direction/hre seen to exist. The experimental procedure was simplified by

eliminating the TE,, mode discontinuities at transverse planes I and IV by

20

canting the input and output waveguides through one-half the ramp angle, 8, as

.ahbwn in Pigure 2.13. This in effect changes the input junéfionﬂ from assym-

20 mode to symmetrical

H-plane tapers which excite predominantly the TE30 mode., With a 15.6" long

7
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gymme trical taper the TE_,  mode generation was very low.

30
Baving eliminated generation of the TEZO mode at planes I and IV, efforts

were ¢oncentrated on experimentally compensating the tapers at planes II and

I1I with dielectric wedges. The use of dielectric and metal wedges to com-

persate the TEZO mode is discussed in more detail in Appendix 1. Briefly,

however, the dielectric wedge, at plane II for example, serves to slow down one -

side of the cylindrical phase fronts approaching from the left in Figure 2.13

so that they became more nearly planar and perpendicular to the axis of the

guide when they are launched into the uniform width saction of guide beyond

plane II. ‘ledges are considered a better approach to TEZO mode compensation

than a complete lens for this particular application from the standpoint of

power handling ability. . The wedge obviously can be more readily cooled than

a lens, and therefore should handle more average power. To prove the feasi-

bility of dielectric wedge compensation, polystyrene wedges and rectangular

parallelepipeds of various b, h, and 4 dimensions were inserted at planee II

and III and the swept frequency transmission characteristics were recorded.

The parameters b, h and 4 were adjusted until the TE20 spurious mode absorption

regsonances were essentially eliminated. This corresponded to the parameter

combination: -~ = 1", h = 1/8", 1 = 1/8",

Once the tapers alone were compensated the coupling grating and the
secondary arm of the coupler were installed. Polystyrene wedges identical to 0
those in the primary arm were installed in the secondary arm. Figure 2,l4a

shows the transmission characteristics with this first order compensation.
An improvement was noted when compared to Figure 2.12, but further second order

ad justments were still needed. In comparing Figures 2.12 and 2.1l4a it should

be noted that the coupling aperture distribution was changed from kigi = 00,0026 .
102 '

1z
= — Ia
101 0.147 gin L for Figure 2.14a, This

+ 0.0121 sin.%g for Figure 2.12 to k
8
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change was made in order to adjust the coupling to - 3 db near 9.0 GHz.

Figvre 2.15 shows the result of one second order adjustment. In this
case the canted waveguides formerly attached to ports 1 and 2 were replaced
with straight sections and compensation at planes I and IV was made using
both dielectric and metal wedges. Dielectric wedges were used o the side wall
containing the coupling aperture and metal wedgeg were used on the exterior
side walls., The dielectric wedge tends to slow down the portion of the phase
front passing near it while the metal wedge tends to speed up the portion of
the phase front in its vicinity. The result is that the wave is launched into
the taper region with a tilted plane phase front which more nearly approximates

the cylindrical phase fronts characteristic of the tapered regiomn.

" Figures 2.16 and 2.17 show the measured spurious mode conversion at
ports 2 and 3, respectively, fof the stra?ght tapered coupler with all wedge
compensation as indicated in Figure 2,15. It will be noted that the TE20 mode
conversion was less than - 22 db over fhe frequency band from 7.5 to 9.0 GHz.
This should be compared to the value of - 16 db obtained in the frequency band

from 7.5 to 8.7 GHz for the same taper without compensation (see Figures 2.10 and

2.11).

Tests were also performed with the input waveguides at ports 1 and 2 canted
by an angle = 9/2 (Figure 2.13) in order to acomplish partial compensation at
these ports. Further compensation was then obtained with metal and polystyrene
wedges added at planes I and IV. The compensation at ports 3 anc 4 was not
changed from that of Figure 2.15. Figure 2.18 shows the measured coupling char-
acteristics, and Figures 2.19 and 2.20 show the messured spurious mode conversion
at ports 2 and 3, respectively. The overall results are substantially the same

as when wedge compensation alone was employed (Figure 2.15 - 2,17).
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The results described above represent only the first attempt at reducing
the spurious mode conversion in tke - 3 db directional couplers. It is be-
lieved that more refined adjustments of the wedge compensators can result in
further reductions in the mode conversion. In order to expedite these more O
refined adjustments mode selective directional couplers have been constructed.
Thege are now being calibrated and will be described in the next report. Use
of these couplers will make possible a rapid adjustment of the wedge compensa-
tors to their optimum configuration. Thus, the spurious mode levels at the

output ports will be monitored as a function of frequency (with a pen recorder

or an oscilloscopc) as the compensating wedges are adjusted.
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3.0 MODEZ ABSOREER DEVELOPMENT

Previous work on mode abgorbers is described in 8S8ection 6 of Reference 1
and Section 3 of Reference 2. During the past period this development was con-

tinued and results are presented in the following sections.

3.1 TE30 MODE ABSORBER

A detailed description for this mode absorber is given in Sectiom 3.1 of

= Reference 2. The following characteristics were measgured during the past

1

g period:
; a. BReflection coefficient for desired TE;o mode in main waveguice.

b. Coupling from TE, ., mode in main waveguide to 1‘810 mode in side wave-

10

guides.
c. Spurious mode conversion in main waveguide. g

d. Overall insertion loss for desired ‘.l'Bm mode in main waveguide.

e. The Q oi the main waveguide for the 1‘810 mode was also measured, z

from which the 1‘810 mode attenuation constant was calculated. This

was & check of d. above.

SR A < AT

f. Spurious mode absorption for the TBZO’ 1'830 and ‘1'840 modes.

The measured reflection coefficient for the 1'810 mode in the main wave-
guide was below - 40 db over the frequency range between 7.5 to 10 GHz., The
measured coupling from the 1'310 mode in the main waveguide to the TEIO mode
in the side waveguides was below - 45 db in the frequency range between 7 and
10 GHz, This measurement was made by means of a 12" taper from the 2.500"

x 0.930" side waveguide to 1.122" x 0.497" standard waveguide.

The spurious mode conversion in the main waveguide was measured by probing

the field(3) on the top wall at the output of the mode absorber with a pure

TE, . mode applied at the input port of the mode absorber and with the mode

; 10
- 11
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absorter terminated in a sulti-mode matched load. Tbe results of these
measurements indicated that the spurious aode conversion wag below - 30 &b

for the ‘1'820, '1‘330 and '1‘340 modes in the frequency range between 8 and 10.0 GBz
except at 9.5 GHz where the measured value of mode conversion for the 1'530

mcde was - 29 db. It should be noted that a mode conversion loss of - 30 &b
corresponds to an insertion loss of approximately 0.0045 db to the desired

TE. . mode.

10
The overall insertion lcss for the TEIO mode in passing through the '1'830
mode abgorber was determined by simply measuring the difference in the trans-
mission between a generator and a detector with and without the mode
abgorber ingserted. The insertior loss determired in this way was lower than
0.05 éb over the frequency range between 7 ard 10 GHz. The results of the Q
masurements indicated that the 1'310 mode attenuation in the mode absorber
is approximately 0.03 db, This should be compared with a theoretical value
of 0.01 db for an equal length of aluminum waveguide having the same cross
sectional dimensions as the main waveguide in the mode absorber. Further
tests are planned to determine whether the 0.03 db attenuation measured for
the mode absorber is caused by the 1educed effective conductivity of the
slotted side walls. -t should be noted that this may turn out to be the case,

since the side walls were formed with brass strips clamped between aluminum

top and bottom wall plates. (See Figure 3.1 of Reference 2.)

The absorption of the spurious modes was measured by an insertion loss
method. The equipment employed for these measurements is shown ia Figure 3.1.
Spurious TE:no modes were generated at the abrupt discontinuity between the
1.800" x 2.500" and the 2.800" x 2.500" oversized waveguldes. The absorption
loss was determined by measuring with the top wall probe the level of the

spurious modes with and without the mode absorber in place.

12
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With the 1.800" dimension centered on the 2.800" dimension, only the
‘r!’o spurious mode is generated aZ the diccontinmuity. Figure 3.2 shows the
results obtained in this case. The quantity 8301310 is the ratio of the
1’!30 mode voltage to the 'rxlo =ode voltage. It is seen that the mode con-
wrsion caused by the centered H-plane step alone is relatively independent cf
frequency xnd has a value of approximately - 8.5 db. The relative frequency
independence of the measured mode conversion results partly from the fact
that very low back scattering in any mude occurs when the junction is fed

from the small waveguide side.

The 1'830 mwode abscrption is the difference between 830l510 with and
without the mode absorber, and it is seen that this is a decreasing function
of frequency which has 2 value of 6.C db at approximately 8.8 GHz. A mode
absorption of 6.0 db represents sn absorpfion of 75%L of the incident 1‘330
mode power.

The mode absorber was actually designed (see Section 3.1 of Reference 2)
to have an infinite mode absorption (100% sbsorption of the incident ‘l'an
mode power) at frequencies centecred about 9.0 GHer. A study of the possible
reasons for the discrepancy between the theoretical and measured value of
mode absorption disclosed that an error was made in the original theoretical
anelysis. Just below equation 3.2 in Reference 2 it ‘is stated that the coupling
with a slot on each side wall is equal to twice the coupling obtained with a
single slot. This statement is in error, because the coupling with the two
slots is actually only V2 times the coupling with a single slot. Taus, with
the slot dimensions employed the total coupling is less than the value re-
quired for complete power transfer between an incident IE30 mode in the main

waveguide and tnc TE, . modes in the two side waveguides. For complete power

10
transfer a value of integrated coupling of n/2 is required. Assuming a value

of integrated coupling equal to i instead, one calculates a value of - 7 db
2

13
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for the wode abgorption, which agrees ressonably well with the measured valae.

The mode absorption was also measured for the TEZO and TEAO modes. In
order to generate these modes the axes of the 1.800" and 2.800" waveguides
were offset in the H-plane. Figures 3.3, 3.4, snd 3.5 show results obtained
with a 0.500" offset. Figure 2.3 ghows that in this case the ratio of
TEze/T!lc is approximately - 2 db, and is essentially the asme with or without
the mode absorber. The mode absorption for the IEZO mode i3 therefore very
swall. Figure 3.4 shows similar results for the TBQO mode. Note, however,
that the level of the 1840 mode generated by the step discontinuity is of the
order of -20 db, Figure 3.5 shows that with a 0.500" offset the generated TE30'
# mode is well below -20 db relative to the TElo mode. Although the mode absgorp-

3

E tion for the TE 0 mode can also be calculated from these data, the results
would be much less accurate than those given in Figure 3.2,

Figure 3.6 shows the levels of the spurious modes that are generated
when a 0.250" offset is employed. In this case substantial power is obtained
in all of the spurious modes. This adjustment would be convenient to use,
because a single set of measurements can yield accurate absorption data for

f all of the spurious modes.

14
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3.2 MODE ARSOREER FOR THE T%mn’ Inmn DEGENERATE MODE PAIRS

4 theoretical description of a mode ahsorber for the Tzhn’ Tqmn degenerate
mode pairs employing oversized waveguide of hexagonal cross section was given
in Section 6 of Reference 1 and Section 3.2 of Reference 2. During the past
period fabrication of this mode absorber was completed and electrical tests

were carried out.

The results of these tests show that more efficient mode absorpticn can
be obtained by employing unslotted hexagonal waveguide in conjunction with

short: lengths of slotted rectangular waveguide, This configuration has im-

portant advantages over the configuration previously proposed (References 1

and 2) vhich employs slotted hexagonal waveguide,

15
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3.2.1 RECTANGULAR TO HEXAGONAL WAVEGUIDE TRANSITIONS

Aluninum mandrels for gradual transitions from rectangular to hexagonal
waveguide are shown in Figure 3.4 of Reference 2. The dimengsions for these
trangitions are shown in Figure 3.7 of tue present report. Two each of these
transitions having lengths equal to 7.0" and 10.0" were electroformed. Thege

are shown in PFigure 3.8.

The spurious mode conversion produced by these transitions was measured
vsing the Klinger methodfélfigures 3.9 and 3.10 show measured values of the
spurious mode conversion for single 7" and 10" long transitions. These data
were cbtained by employing a mnveable short circuit in the hexagonal waveguide.
The short circuit was of the non-contacting choke type; the dimensions of
the chokes were the same as for the rectangular waveguide short circuit shown
in Figure 2 cf Reference 5. In making these measurements the transition was
fed from the rectangulay waveguide side by a 24" variable curvature taper
which transformed the standard size reétangular waveguide (1.112" x 0.497")
to the oversized rectangular waveguide (2.800" x 2.500"). Spurious mode con-

version for this taper has been measured to be below - 35 db in the frequency

range of interest (see Section 3,2 of Reference 1).

Inspection of the data in Figures 3.9 and 3.10 shows that the TE12 and
TMiZ modes are the strongest spurious modeg. This was expected from con-
giderations based on the symmetry of the transition. Tt was also expected

that the TE,, mode would be excited by the transitions. The data indicate,

30
however, that the level of this mode is quite low.

As is usually done in the measurement of spurious mode conversion by the
Klinger'(a)method, the gpurious modes were identified by their wavelength. The
TBn and ann modes form a degenerate mode pair, each member of the pair having

the same wavelength. For this reason it is not possible to distinguish between

16
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the individual modes of a degenerate pair in rectangular waveguide by noting
the positions of the moveable plunger which cause resonance. In the case of
hexagonal waveguide, however, the modes corresponding to the T%mn’ and

T!:n ir rectangular waveguide are not degenerate, and it is, therefore, possible
to distinguish these modes from one another by noting the resonant positions of
the moveable plunger. For instance by extrapolating data calculated under
Contract AF30(602)-2990 (Refereace 1) by H. Meinke, one obtains Ac/a = 1,185

for the TEll (HEX) and Ac/a = 0.75 for the TEIZ (HEX). Using these values for
Ac/a, the hexagonal waveguide wavelengths were calculated as a function of
frequency. Measured values of the wavelengths for the TEll (HEX) and the

TE,, (HEX) modes were found to agree in most cases to within 1% of the cal-

culated values.

Figures 3.11 and 3.12 show data for 7" and 10" transitions terted in pairs
with the hexagonal ends connected together. The Klinger measuremem. .as per-
formed with a non-contacting choke type moveable shorting plunger in the
rectangular waveguide following the second transition. Inspection of the data
in Figures 3.11 and 3.12 shows that the TEIZ and TMIZ are the strongest spurious
modes when the transitions are tested in pairs; thig was also the case for thg |

single transitions. When testnd in pairs, the TE , spurious modes generated

12
by each of the transitions appear to add constructively near 8.6 GHz to produce
approximately 4 db more mode conversion than for a single transition, The total
mode conversinp for two transitions was below - 25 db for the 7" transitions

and below - 30 db for the 10" transitions over the frequency range from 7.4 to

9.8 Giz.

The measured results obtained with the two lengths of transition show that
a 10" transition length is required to insure that the spurious mode conversion

produced by the pair of transitions is less than - 30 db. It sﬁould be recalled,

17
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however, that no analysis was performed to determine the optimwa transition shape

which leadg te 2 minimum transiticn length for a given mode conversion. The re-

aod L
|

§7te OLtained above apply for tramsitions having a sin2 ';—E variatior for the
1 anglc : the hexagon (see Figure 3.7). A future analysis may reveal that sub- -

i stantially shorter lengihs of transitions can result, if a different transition

shape, is employed.
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3.2.2 ABSORPTION BY RESONANT SLOTS IN RECTANGULAR WAVELUiuE

According to the theory developed in Section 6.2b of Reference 1, maxi-
mum spurious mode absorption occurs in the hexagonal waveguide with slotted
side walls when the attenuation constanc per unit length, o of the side wall
composite modes (horizontally polarized) has a value equal to' 2k. In this
case k is the coupling per unit length “etwzen the horizontally and vertically
polarized composite modes. It was also ﬁointed out in the above references
that exact satisfaction of the condition, o = 2k is nct necessary, since the
mode absorption does not vary rapidly as a function of @ near the maximum
value, Experiments were carried out to determine the validity of the theory
developed in References 1 and 2. The results of these investigations show
that the slotted hexagonal waveguide is not the optimum mode at..rber con-
figuration. Instead, the optimumr configuration now appears to be a length of
unslotted hexagonal waveguide used in conjunction with short lengths of

slotted rectangular waveguide.

The value of @ produced by resonant slots in oversized rectangular wave-
gu.rde carrying the TElo mode was measured. In this case transverse slots
were centered on both the top an< bottom walls, in order to obtain maximum
coupling to the longitudinal current of the rElO mode. It was reasoned that

when operation is far above cutoff, the value of « measured in this way would

be very nearly the same as the valves of a for the TEin’ Tuln modes in hexagonal

wavegulde of similar size having slots centered on soth side walls.

Figures 3.13 and 3.14 show the slotted rectangular waveguide with the
abgorbing loads employed to absorb the energy radiated by the slots. As can
be seen in the photograph, thin brass dividers were used to decouple the in-
dividual slots from one another., Tight electrical contact between the dividers
and the waveguide wall was cbtained by applying pressure to the individual
dividers through a rubber gasket and an aluminum pressure plate. Each slot in

19




P L p—

this case radiates into a parallel plate region. The absorbing material*was
shaped in the form of wedges as shown in order to provide a gradual matched
temination for the parallel plate medium, and to prevent energy leakage from
th: open sides of the parallel plates. The paris for the absorbing load
assembly were constructed so that they could be used either with the rectangular
waveguide with slots on top and bottom walls for attenuation measurements, or

with hexagonal waveguide with slots on the side walls to form a mode absorber.

Figurs 3.15 shows the slot dimensions, Thesé were designed to be resonant
at 9.0 GHz using a formula derived for a single slot radiating into freaspace;(7)
Meagurements were made with 25, 50, and 75 glot pairs, each pair consisting
of a slot cn the top and bottom walls. The total absorption was very nearly
proportional to the total number of slot pairs, and was equal to approximately
0.96 db per slot pair at the slot resonant frequency. Figure 3.16 shows the
results for 25 slot pairs. It is seen that the resonant frequency is approxi-
mately 8.0 GHz instead of 9.0 GHz as calculated for the single slot in free

space. Evidently, the slot has a lower resonant frequency in the environment

of the parallel plate medium,

The value of & required to satisfy the condition @ = 2k can be determined

from equation 6.9 of Reference 1. Thus,

bc'bs A
=2k = 0,4 ( 3 ) x e 3.1

The value of the ratio (bc - bs)/ b is equal to 0.4 for the hexagonal waveguide

dimensions shown in Figure 3.7 (b = 3,000", b = 2,000", b = 2,500"),
c S ?

* The absorbing material employed is Radite 75, supplied by Radar Design

Corporation, Syracuse, New Yozk.
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Letting d = the slot spacing, one obtains

od = 0.16 7 Agz 3.2
Letting
A = 1.313" (9.0 GHz)
) d = 0.400"

i a= 2.800"
There results

ad = 0.341 nepers

? ad(db) = 8.686 x 0.0341 = 0.296 db

This value of @ should be compared with the measured value of approximately

0.96 db given above for resonant slots in rectangular waveguide.

st Arn e iy

; It is also interesting to compare the measured value with the value of
a calculated for a single slot radiating into free space. The following formula

can be used to calculate the normalized series resistance introduced by a single

i half wave resonant slot centered on the broad wall of a rectangulac waveguide(7)
’ 2 2

R Al1O 3 . A A

7 0.523 ( = Yy ( b ) cos 2 3.3

10

where 211 symbols have their usual meanings. The attenuation for a pair of such
slots on opposite broad walls is given by

ad -I—z‘ 3.4
10

ot o tne i s va 2R 3 Ern e et

where d is the slot spacing.

Letting

PRI f=8.0GHz, A= 1.48"

| a=2.8" b = 2.5",

the calculated value of ad is 0.869 db, This is unexpectedly close to the
measured value of 0,96 db given above for a pair of slots radiating into

parallel plate medium,
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In Section 3.22 of Reference 2 a short discussion i given of experimentail
resulte reported in Reference 8 for centered transverse slots radi:ting from
the brrad wall of a WR-284 waveguide into a secondary WR-137 wavr.guide. In
these experiments the axes of the two waveguides were 90° apart to form a sglot
coupled E-plane T-junction. Slots having lengths equal to 1.00" and 0,75"
resonated at approximately 6.4 GHz and 8.0 GHz, respectively, and the result- .
ing coupling values from the WR-284 to the WR-137 waveguides were - 10 db and
- 12 db, respectively, at the resonant frequencies. These values of jcoupling
; correspond to coupling losses of 0.45 db and 0.28 db, respectively. The
E corresponding values of g;o

equation 3.3 yields % = 0,11 for the 1" slot resonated at 6.4 GHz; it
10

is seen that this is approximately four times the measured value of 0.0259 re-

are.0,0259 and 0.0161, respectively. Use of

ported in Reference 7 for the 1" slot coupling the WR-284 and WR-137 waveguides.

It appears, therefore, that it is reasonable to conclude from the above

results that equation 3.3 produces fairly accurate results when applied to

slots radiating into free space, or into a parallel plate medium. However, . l
too high a vaiue of % is obtained from this equation when the slot is radiating

into a narrow width sigondary waveguide. Apparently, the fact that the narrow

width secondary waveguide has only a single propagating mode causes the total

power radiated from the slot to be less than in the case of radiation into

free space or into a parallel plate medium. 1In the latter two cases the energy

from the slot radiates into a continuous spectrum of propagating modes.

Some further conclusions concerning the properties of waveguide slots

should be mentioned. In Reference 8 it is shown that the attenuation obtained
with several slots is very nearly equal to the attenuation obtained with a

single slot multiplied by the total number of slots. This implies that the
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effect of neighboring slots on the leakage from any one slot is small. The
reflection coefficient from an array of many glots can also be fairly small.
For example, with the array of 100 slot pairs described above the reflection
coefficient for the TEIO mode wvas below - 26 db over the frequency range from

7.0 to 9.5 GHz.




3.2.3 EXPERIMENTAL RESULTS WITH SLOTTED HEXAGOMAL WAVEGUIDE HODE ABSORBER

Figure 3.17 shows two &' lengths of electroformed hexagonal waveguides.
On one of these the side walls have beer machined to a uniform thickness equal
to 0.090", and a total of 100 slots have been cut along the center of esch side
wall, with a spacing equal to 0.400". The slot di=cnsions sre the same as shown
in Figure 3.15, except that the 0.583" diwmzunsion was decreased to 0.500". This
wvas done in order to shiift the resonant frequency from 8.0 GHz to approximately
9.0 GBz. ¥igure 3.18 ahows the slotted hexagonal waveguide assembled with the

abgorbing loads.

Measurements were performed tc determine the reflection coefficient and
ingertion loss for the l'Bw mnode, and the absorption cof the spurious modes,
The rxeflection coefficient experienced by the mlo mode was below - 36 db in
the frequency band between 7.5 and 10.0 GHz., The measured insertion loss ex-

perienced by the TBIO mode was below 0.05 db in this same frequency range.

The absorption of the spurious modes was measured by an ingertion loss
method. For this purpose, use was made of the E-plane wedge shown in Figure 3.19.
The wedge was placed at the output of a 24" long taper from standard 1.122"

x 0.497" waveguide to 2.800" x 2.500" oversized waveguide. With a TE;, mode

incident on the wedge, the TE, mode and the TElm’ l'lim degenerate mode pairs

10
are transmitted beyond the wedge, with very little energy reflected in any mode.

The measured TE1 mode reflection produced by the wedge was below - 36 db from

0
7.0 to 10.0 GHz. An approximate theoretical calculation of the amplitudes of

the spurious modes generated by the wedge is given in Appendix 2.

The TElm and 'mlm modes in each of the degenerate mode pairs generated by the
wedge have just the right amplitudes to cause the-cross polarized component of the

electric field of each pair to be zero everywhere in the transverse plane. The
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degenerate mode pairs generated by the wedge are, therefore, the vertically
polarized composite mode pairs described in Section 6 of Reference 1. These
modes havz longitudinal currents along the top and bottom walls, but none along
the side walls. It is these modes that the hexagonal waveguide mode absorber

must be designed to absorb.

The mode absorption was determined by probing the field along the top wall
of the waveguide beyond the wedge with and without the mode abtsorber inserted
between the wedge and the probe. The field was probed along an existing 36"
long section of 2.800" x 2.500" waveguide having a "holey" top wall as shown in
Pigure 3.20. The longitudinal hole spacing is 0.200". €=: line of holes is lo-
cated along the center of the top wall. Otr-. lines of holes are located at
distances equal to + a/6 and + a/4 from the center of the wavegu?de where a is
the waveguide width. As a result of the symmetry of the system ;niy the
TElm’ Tulm modes are present in significant amounts. It was therefore necessarj
to probe along only the ceater line of holes. This was done using an electric
field probe with a bolometer detector. The probe was detuned to obtain stability.
For these measurements the "holey" waveguide was terminated in a multi-mode matched
load. By plotting the variation of the probe woltage along the length of the
"holey" waveguide section, it was possible to calculate the relative amplitudes
of the spurious modes relative to the TElo mode. The mode absorption produced
by the mode absorber was taken as the difference between the calculated spurious

mode levels with and without the mode absorber in place.

Figure 3.21 shows the result obtained at 8.8 GHz without the mode absorber.
Measurements were made at every 10th hole along the 36" length of "holey" wave-

™

guide. The strong beat between the TE,  and the vertically polarized TEll; 1

10
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spurious mode pair is clearly evident. Note that the points for minimum and
waximum probe voltage are separated by xblllz where Ap11 = 36" at 8.8 CHe is
the beat wavelength between the TEIO mode and the TEll,
small ripple on the curves can be readily identified as a superimposed beat between

Tull mode pair. The

the TEIO and the TEIZ’ TH12 spurious mode pair. The beat wavelength xb12 between

these modes is equal to 8.3" at 8.8 GHz.

One can determine the ratio of the amplitudes of the spurious modes from
the ratio of the minimum to the maximum probe voltage. This ratio has been
ternea the (VSHR)nn (because of the anclogy with standing wave phenomena).
Figure 3.21 shows that (VSHR)11 is approximately 19.5 db. This corresponds to
11° Tull mcde relative to the TEIO mode.
Values of - 2.3, - 2.2, - 2,3, and - 2.0 db were obtained at f = 8.4, 8.6, 9.0,

an amplitude of - 1.8 db for the TE

and 9.2 for this ratio. The relative constancy of this ratio as a function of
frequency was expected from consideration of the properties of the thin wedge
{see Appendix2 ). As expected, the amplitudes of the TE, > THIZ modes were low,

and of the order of - 20 db relative to the TEIO mode.

Figure 3.22 shows the results obtained at 8.8 GHz when the mode absorber
with 100 slét pairs was ingserted between the wedge and the holey waveguide probe
sect:ion. Itiis seen that the effect of inserting the mode absorber was to reduce
the value of (VSWR)11 from 19.5 db to 9.2 db, Since a value of the (VSWR)11

= 9.2 db corresponds to a value of - 6.3 db for the ratio of the TE THll_mode

11°

relative to the TElo mode, the mode abscrption is equal to 6.3 - 1.8 or 4.5 db,
Figure 3.23 shows the results obtained when 50 of the 100 slot pairs were

covered with aluminum foil from the outside of the waveguide, rendering them

dissipationless. The value of the (VSWR)11 in this case is only 1.6 db, corres-

ponding to a value of - 21 db for the ratio of the TEll, THll mode relative to

the TE,, mode. The mode absorption in this case is 21 - 1.8 = 19.2 db.
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Pigure 3.24 shows the results of more extensive measurements made in the
frequency band between 8.4 and 9.2 GHz. Inspection of these data shows that a

muaximum in the mode absorption is obtained when approximately 50 of the slot pairs

are covered, rendering them digsipationless. These results cannot be explained

by the theoretical éonsideratiom given in previous sections of this report or in

- References 1 and 2. An explanation will be given in the following section.
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3.2.4 1INTERPRETATION OF THE EXPERIMENTAL RESULTS

The data in Figure 3.24 show that much kigher values of mode absorption
can be obtained when some of the slots are covered with aluminum foil. Froo
these resuits it was concluded that a new and more efficient mode of operation
for the hexagonal waveguide mode absorber cam be obtained through the use of

unslotted or lossless hexagonal waveguide.

When lossless hexagoral waveguides are used the vertically and horizontally
polarized composite 'I'Em, D!m modes are essentially degenerate, and are coupled
to one arother. In Section 6.28 of Reference 1 the coupling coefficient k:m
between the vertically and horizontally pclarized composite modes was shown to
be equal to A-B/2 vheref-B is the difference in propagation constant between the

TEm and the mm modes comprising the composite modes. Thus,
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Values of kc calculated by Meinke were given in Reference 1 for the case of a
hexagenal waveguide having the ratio bfa = 0.9 where b is the average height and
a is the width of the hexagonal waveguide. Measured values of lc are given below
ir Table 3.1 for the hexagonal waveguide dicensions employed in the present
experiments. For this waveguide b = (bc + bs)/2 = 2.500", & = 2,.800",

bc = 3.000, bs = 2.000, (bc - bs)/2 = 0.4,

Table 3.1
Cutoff Wavelengtbs for Modes

in Hexagonal Waveguide
Mode x la Mode A /a

TE 1.185 TE 0.75

11 ‘ 12

mu 1.373 le 0.86




Using the data in Table 3.1 in Equation 3.5 values of 0.066 and 0.1855 result

for klll and k, A, respcctively at a frequency of 9.0 GHz.

12
It can be seen that a hexagonal waveguide transforms eﬁergy from an incident

vertically polarized composite mode to a horizontally polarized composite mode.

Assuming that a vertically polarized composite mode of unit amplitude is incident

on the lossless hexagonal waveguide at the point z = 0, the normalized voltage

amplitudes Ev and Eh of the vertically and horizontally poiarized composite

9

modes are given by

E|=cosk =z (3.6)
v mn
‘Ehl = sin kmn z (3.7)

Thus at z = 0 there results ‘Ev‘ =1, and ‘Ehi 2 0; at z= u/kan there

results ‘Ev! = 0, and ‘Eh‘ = 1.0. Once the power which is incident in the
vertically polarized mode has been converted to the horizontally polarized com-
pcsite mode, it can be dissipated by means of side wall slots. These slots can
be placed on the side walls of the rectangular waveguide following the tramsition

from hexagonal to rectangular waveguide.

The above mode of operation of the mode absorber which employs lossless
hexagonal waveguides can be compared to the previously considered mode of oper-
ation which employs slotted hexagonal waveguides. The solution to the coupled
line equations for the slotted waveguide case must consider the loss which is

: present(g). These solutions, however, take on reldatively simple forms when one

assumes that the slots introduce loss only to the horizontally polarized composite

mode, and that the attemuation constant & for this mode is equal to kan. It

e hn o i 1 S e
.

should be recalled that the zondition o = 2kmn results in the most efficient mode
absorption when a slotted hexagonal waveguide is employed. Thus, for a wave of

unit amplitude incident in the vertically polarized mode, the solutions are

g ‘ *Equation 3.5 is derived in Section 6.2b of Reference 1.
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le | = e 2 [1 + kmz] (3.8)

IEhl - kmnze-kmnz (3.9)

Values of the composite mode voltages for z = L calculated from equation
3.6, 3.8 and 3.9 are shown plotted in Pigure 3.25. Inspection of these curves
show that lEVI for @ = 0 obtained from equation 3.& is a periodic function of
kan with period equal to x/2, whereas lEvl for a= kan decreases monotonically
with increasing values of kanp It should be noted that for values of kan less

than approximately 2.0, 'Ev! for a = 0 is less than lﬂvi for a = 2kmn.

The experimental results shown in Figure 3.24 can be compared to the the-
oretical data shown in Figure 3.25 by considering Figure 3.26, This shows the
dimensions of the components employed ir: the experiments. It is now desired to
calculate the mode absorption that should be expected for the several experimental
conditions for which data is given in Figure 3.24. Consider first the amount of
mode absorption that should be expected under optimum conditions with the slotted
hexagonal waveguide mode of operation (o = kan). From equation 3.5 a value of

0.006 was calculated for kllk at 9.0 GHz. This result can be expressed as

kllL = 0.066 L/A (3.10)

at 9.0 GHz. For L = 40", A = 1.313" one obtains kllL = 2.01. Referring

to the curve labeled lEvl (a= kan) in Figure 3.25, it is seen that the theoretical
maximum mode absorption under optimum conditions (o = 2k11) is equal to approxi-
mately 8 db. This should be compared to the measured value of approximately 4.5 db
obtained with no slots covered (Figure 2.24). However, the measured value of 4.5 db

with no slots covered resulted from the combined effects of the 40" slotted

section and the sections of unslotted hexagonal waveguides contained in the system.
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The mode absorption produced by the unslotted hexagonal waveguide will
now be calculated. First, it can be easily shown that the 10" transition in

which the angle of the hexagonal cross section (Figure 3.7) varies gradually

2 x2
2L

that of a 5" length of hexagonal waveguide having (bc - bs)/b = 0.4, It can

according to sin has an effective coupling length which is equivalent to

be seen from Figure 3.26, therefore, that the effective length of lossless

b g

hexagonal waveguide on either side of the glotted waveguide is equal to 10".
/ The value of kllL at 9.0 GHz for each of these 10" effective lengths can be
determined from equation 3.10, and is equal to 0.502. The value of the mode
4 egbsorption produced by each ot these 10" effective lengths of lossless hexa-
i gonal waveguide can be determined-from the curve labeled lEvl (o = 0) in

1 Figure 3.25. Thus for kllL = 0.502 an absorption of approximately 1.2 db re-
3 b sults. The absorption for the two 10" lengths separated by the slotted

hexagonal waveguide is 2.4 db. Power converted from the vertically polarized

to the horizontally polarized composite modes by the transition and straight

sections on the generator side of the slotted waveguide is absorbed by the
slotted hexagonal waveguide. Power converted by the transitiom and the straight
gections on the output side of tlie slotted waveguide is not detected by the

holey top wall probe, and is absorbed in the multi-mode load located beyond the

probe. Thus, 2.4 db of the4.idb ciode absorption measured with all slots covered
must be attributed to the lossless hexagonal waveguide mode of operation. This

3 means that a mode absorption of only 2.1 db occurred due to the slotted hexagonal
3 waveguide mode of operation, compared to a maximum possible value of 8 db ob-

tained when o = 2k1 . Evidently, the condition a = 2k11 was not met at the

1

E frequencies at which measurements were made. From Section 3.22 it can be con-

cluded that « was too high, This reduced the amount of power transfer per unit

3l
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length which could occur between the vertically and horizontally polarized

composite modes in the slotted hexagonal waveguide.

The following table gives the effective length of lossless hexagonal
waveguide as a function of the number of slots covered. This also gives the a -

value of kllL and the mode absorption for the TElI’ T“11 composite mode pair

at 9.0 GHz.
Table 3.2
Effective Length K L TE:11’ mll
No. of Slots of Hexagonal 11 Mode Absorption
Covered Waveguide (inches) (radians) (db) }
0 10 0.502 2.4 db }
37 24.8 1.25 11 }
50 30 1.51 >25
65 36 1.81 16

In Table 3.2 the effective langths refer to the lengths on the generator side of
the slotted waveguide. A fixed 10" length of lossless waveguide was assumed on
the load end of the slotted waveguide which produced a fixed value of absorption
equal to 1.2 db. The data for the calculated mode absorption given in Table 3.2
show that a maximum mode absorption should occur for 50 holes covered. This
agrees well with the experimental data given in Figure 3.24. Reasonably good
agreement between the theoretical and experimental results was also obtained for
37 and 50 holes covered. These results seem to verify the fundamental idea that
the coupling coefficient, kmn is given by the difference in propagation constants

between the TEmn and Tan modes comprising the coupled composite modes. 5
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3.2.5 A CONFIGURATION FOR A MODE ABSORBER EMPLOYING LOSSLESS HEXAGONAL WAVEGUIDE

Figure 3.27 shows a configuration for a mode absorber which employs lossless
hexagonal waveguide in conjunction with rectangular waveguides having slotted
side walls. This is designed to absorb both the vertically and horizontally
polarized composite TEmn, n%nn modeg incident on either end. For example, the
horizontally polarized modes, Bh’ which enter the mode absorber are absorbed
jumediately in the slotted rectangular waveguide sections placed on both ends
of the mode absorber. A vertically polarized compogite mode, Bv, which enters
the mode absorber passes by the slotted rectangular waveguide section without
loss. As this mode passes through the losslegs hexagonal waveguide section,
however, it is transformed to the horizontally polarized mode in accordance
with equations 3.6 and 3.7. The horizontally polarized mode is then absorbed

in the slotted rectangular waveguide at the output end of the mode absorber.

The slotted rectangular waveguides contain slots on both side walls., Trans-
verse slots are placed at distances equai to b/4 from the zenter of the side wall
where b is the width of the side wall., Slots located ir this manner will provide
absorption for both the TEll, TMll and the TElz, TM12 horizontally polarized
composite modes. In the case of the TEll’ TM11 modes the absorption with the
palr of slots is approximately the same as with a single cenZered slot. From
the data given in Section 3,2.2 it can be seen that approximately 20 slot pairs
are required on each side wall in order to obtain 20 db absorption. With a slot
spacing of 0.400" in the axial direction the length of each of the slotted rec-

tangular waveguides, therefore, is approximately 8".

The absorption of the desired TElo mode by the slots is very small, since

this mode has no longitudinal current anywhere on the side walls. It should be
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noted that in the case of the slotted hexagonal waveguide, only centered
transverse slots could be employed, since the longitudinal current for the
TElO mode is zero only along the center of the side wall of the hexagonal wave-

guide. In this case the slotted hexagonal waveguide mode absorber could nct

¢ absorb the TE ™ al composite modes for which n is even.

1n’ 71

The possibility of lower loss for the desired TE,, mode and the ability to

10 o
absorb the TEIZ’ TM12 composite modes represent important advantages for the

configuration shown in Figure 3.27. The question arises, however, as to

whether the length of the lossy hexagonal waveguide section can be selected

in order o permit absorption of both the TEll’ THII and the TEIZ’ THIZ

composite modes. For this to occur it must be possible to select the values

of kL for these modes so that cos kL (equation 3.6) is small for both modes.

Using the data in Table 3.1 it can be shown that kllk and klzl have values of

0.066 and 0.1855, respectively, at 9.0 GHz. The ratio klzlk11 is therefore

equal to 2.81. It is seen, therefore, that if kllL is made equal to

n/2 (L = 31.3", if £ = 9,0 GHz), in order to obtain high absorption of the

TEll’ TM11 compocite mode, the value of k12L would be equal to 4.41 radians or

253 degrees. In this case cos k1 L would be equal to 0.282 correspending to an

2
absorption of 11 db for the TE12, TM12 composite mode. Since kmm is approxi-
mately proportional to A, high absorpt.«n for both modes would occur over a

relatively broad frequency bandwidth.

One further point should be made concerning the configuration shown in

Figure 3.27. Since the hexagonal waveguide is no longer required to be slotted -

in order to provide absorption for the TEmn’ THmn composite modes, the posszi-

bility now suggests itself of incorporating the TEmn’ THﬁn and TE30 mode
absorbers into a single structure. It may be possible to couple the hexagonal

et waveguide to narrower waveguides having width equal to approximately a/3 in
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ordar to absorb the TE30 mode. BSince the narrower width waveguides have low

loss, and are much narrower than the hexagonal waveguide, the wavelengths of

the horizontally polarized TEmn’ rnan couwposite modes in the hexagonal wave-

guide may not be significantly perturbed by the presence of the slots. In

thie case the horizontally and vertically‘polarized composite modes would

remain essentially degenerate and equations 3.6 and 3.7 would still apply.
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4.0 RESONANT RING DEVELOPMENT

A 17 db side wall directional coupler between two waveguides‘having wi&th
a= to 2.80C" and height b= 2,500" was designed and fabricaten. Coupling iég
achieved through full height slots fovmed with strips having :hickoess t = 0.100"
and a minimum width w = 0.100". The strip width w is varied along the 30" long
coupling region in order to produce a sinusoidal coupling distribution. With
these strip dimeasions it will be possible to water-cool the strips in order
to realize the design cbjective of 1.0 megawatt of CW power at X-band. It is
planned to use the compact H-plane bends(l) having (R/a = 1.48 for the resonant
ring. These bends have low mode conversion over a 5% frequency bandwidth

centered at a/\A = 2.0,

The -17 db coupler described above was assembled in the directional coupler
test fixture (Figures 2.15a and b of Reference 2) and tested for VSWR, coupling,
and spurious mode generation over the frequency band from 7.5 to 9.5 GHz. Measured
VSWR was below 1.02, and the coupling was approximately -16.5 db. The measured
TE,, mode level was below -24 db in the above frequency range. The measured

30

TE, . mode level, however, was approximately -15 db in the region near 9.0 GHz

20
and decreased steadily to -22 db near 7.5 GHz. Calculations based on loose

coupling theory now show that the theoretical spurious mode conversion for the
TE20 mode which is a function of the variable 8/n (1,9) has one of its waxima

in the above frequency range. The function can be shifted off this maximum by a
small fractioﬁal change in the length of the coupling region, or by a change in
the coupling distribution. This can be readily accomplished with the directional

coupler test fixture and the adjustments will be further expedited with the aid

of the mode selective directional couplers (Section 2.2).

An analysis has been performed of a resonant cavity configuration employing

a directional coupler as a coupling element. The results of the analysis show

36
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the effect of coupler losses on cavity resonance buildup. The charact-:cistics
of the resonant cavity which can be readily assembled with existing components
are similar to those of a resonant ring, and it is planned to perform a few
simple experiments with the resonant cavity configuration in order to determine
losses and tuning characteristics. These experiments will be performed before
the design of the coupler for the resonant ring is finalized. Results will be

presented in the next report.
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5.0 CONCLUSIONS AND RECOMMENDATIONS
5.1 -3 déb MOLTI-HOLE COUPLER DEVELOPHERT

During the past period it was demonstrated that the tapers employed to re-
duce the waveguide width along the coupling region (in order to obtain kigher
coupling per unit length) are the principal source of spurious mode conversion,
Yechniques were develope¢ for reducing the spurious mode conversion from this
source. These technigques employ tapered dielectrir and metal wedges placed cp
the side walls to transform the vavefronts from planmar to cylindrical. The use
of canted input waveguides ior accomplishing thisz s2me purpose was also demon-
strated. Using these technijues spurious mode amplitudes in all ports were re-
duced to -22 db or lower over the frequency oand from 7.5 to 8.7 GEz. These
represent preliminary results, and it is hoped that the spurious mcdes can be

reduced to even iowexr levels with more refined adjusmments.
5 .2 MOUE ABSORBER DEVELOFMERT

Experimental results obtaincd with the 30de absorber for the ‘!’!30 mode
demonstrated that it is possible to ccuple the ‘1"‘:.30 sode from the s2ir wave-
guide with only small effcct on the desired .?.zm sode. It was shoun that the
relatively small insertisc loss experienced by ke T!m mode was caused mostiy
by dissipation efrects, zode comversica lcss being negligidle. Q seasurements
indicate an insertion loss of 0.C3 &> for the mode adsorber, wheress swooth
uaperturded waveguide of the same lezztt 2nd material (Clomirmm) as the dode
abtcorter would bave O.01 & i-pertios loss e 15 dissization. 1t shocid de
20%e¢ tha the experimecis were performed vii: a mode adsorier assembly wkick
wes bolted together all alcmg its 36T lexgt:. The top and cizom wills o the

Bais wZvegnide :xn Ikis assemdliy were 2iumims, & the 3ide wal.g erTe th2
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coupling gratings which were made from brass. It is believed that a copper
1 electroformed model would exhibit substantially lower insertion loss for the

TEIO mode.

The experimental results obtained with the hexagonal waveguide mode ab-

J sorber ftor the TEmn’ Tumn composite modes have shown close agreement with theory.
- In particular the results verify the theoretical analysis which showed that the

| coupling coefficient kmn between the vertically and horizontally polarized com-

1i posite TEmn, THmn modes is equal to the propagation const#nt difference between

k the TEmn and the THEn modes comprising the composite mbdes.

o
b

E A new configuration for che pexagonal waveguide mode absorber has been de-

f Fined which employs unslotted hexaéonal waveguide in conjunction with short

3 i lengths of slotted rectangular waveguide connected to each end of the hexagonal
waveguide through transitions. This new configuration has important advantages
over the previously proposed configuration employing slotted hexagonal waveguide.

The advantages are lower luss for the desired TE,, mode, and the ability to absorb

10
l all of the TEmn’ Tan composite modes. Further work will be directed towards

combining the TE, . mode abgorber and the TEll’ TMll mode absorber into a single

] 30

j structure.
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5.3 RECOMMENDATIONS FOR FURTHER WORK ON OVERSIZED WAVEGUIDE SYSTEMS BEYOND 4
PRESENT CONTRACT |

It now appears that under the present contract AF 30 (602) -3682 a suc-
cessful design will be achieved for the -3 db directional coupler. Successful
, designs will also be achieved for mode absorbers for the TE30 mode and the 3
i TEII’ THll composite modes. These components will represent important additions
to the list of oversized rectangular waveguide components available for systems

j
use of oversized rectangular waveguides. The list of components that will be ;f

:

4

available stands as follows:
2. Bends

[
l

|

j : 1. Tapers
l

| 3. -20 db Multi-Hole Directional Coupler
| 4, Spark Gap Switches

|

|

5. Mica Pressure Windows

6. Matched Power Divider - Oversized Rectangular Waveguide to

8 Standard Size Rectangular Waveguides

i

7. Mode Absorbers

8. -3 db Multi-Hole Directional Coupler

Under Contract AF30(602)-3682 work will also be directed towards development of

a resonant ving capable of carrying 1.0 megawatts of CW power, and & -3 db com-

N 9T M Ml 1

pact quasi-optical coupler.

The number and variety of the available components listed above suggests k
that oﬁé avenus for future work beyond the present contract AF30(602)-36§2 should
be the demonstration of systems in which several oversized components are employed
together -o achieve higher power levels than can be achieved with stan&;rd ééée i f;s

ﬁ; ;' conponents., One relatively simple system could be a narrow ulse 3éQera£or e e _;ﬂ 2

ploying the spark gap switch and the -3 db coupler to discharge a regpnantgcg,>;ff,
formed with oversized rectangular waveguide. .
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The spark-gap switches were develnped under contrait AP3G{602)-3544 to the
point where they are now satisfactory for systems use. Higher operating powers
could be achieved, however, by pressurizing with clean dry gas at-glightly above
atmospheric pressure in order to prevent spurious triggering effects. Very high
operating power levels could be achieved by operating the'spark gap switch at
high pressure. In either case the switch could be pressurized with the simple
mica window which has been tested vider contract AF30(602)-3682 (see Reference 2).
The use of tungsten electrodes for achieving longer switch life should also be
investigated. It now appears that it should be poséible to generate narrow

X-band pulses of at least 10 megawatts peak power without pressurizationusing

the spark-gap switch and the -3 db coupler. Even higher powers should be possible

with pressurization.

Furthker work should also be carried out on the low pressure gaseous elec-
tronics switch employing a Penning electrode configuration. Switches of this
type were also investigated under contract AF30(602)-3544. These investigatious
were exploratory in natufe, and were confined to cold cathode configurations

in standard size WR112 waveguide at 9.0 GHz with miliwatt power levels.

although high piasma densities and lower switching times may be expected
with hot cathodes and high microwave power levels, the results obtainzd with the
cold cathode Penning switch at low micro%ave povwer levels were surprisingly good.
Using hydrogen gas in the microa pressure range, and a maguetic field of approxi-
matelylSOOO gauss, reflection coefficient:s ranging from -2 to -1.0 db and switch
isolation greater than 24 db were obtained. Switching times ranged between 50 and
100 nonoseconds. This perfofmance cqﬁpares favorably with thatg;eported previously
for the hot cathode thyrgtrén at higﬁ_mictowave power levels, and strengthens the
prediction that ;hﬁmhci.catﬁodé ?enning discharge will result in an ultra-low

loss microwave switch.
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Purther work on the Pemning switch should be directed along the following

lines:

2, Test the cold carhode switch in WR1i2 waveguide with high microwave

\

L f . cxtekmasamid ALK NP W R

vower levels. This awitch with agsociated vacuum system which was
develcped under contract AF3G{602)-3544 ts still in piace, and only

a minioum bike out effort would be required to restore the system to
its original é;ﬁdition. The results of the high power tests would

show whether hot cathodeaz are actually required in order to attair
uitra low reflection lozs and very short switching timss. If hot
cathodes arsy not actually reguired, s truly rugged switch configuration

wiil have been attainad. It should be noted that such a switch would

finé application in etandard size as well as oversized waveguide systems.

b. Further development efforts should also be directed towsrds realizing
& Penning dlascharge switch in ouversized rectangular wavegulde with hot
or cold cathodes depending on the results of item a4 above. One of the
ma jor problems to be solved with the oversized waveguide switch is the
control of spurious modes. The use of twe or more plasma columns in a
single tramsverse plane in the oversized waveguide, however, shows H

promice of providing a satisfactcry solution to this problem,
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Appendix 1

Spurious Mode Conversion
Produced by Tapers and Methods
for Compensation

First, the spurious mode conversion produced by the taper discontinuities
will be calculated. Figure Al shows the tapered coupler. As is well-known
an arbitrary excitat:on of the input ports 1 or 2 can be resolved into modes
having even and odd symmetry about the plane of thc coupling grating. Consider
first the even modes. Figure Ala shows the even component of the incident TElO
mode on either port 1 or 4. The transverse field distributions of the even
modes excited in the taper region depend on the coupling per unit length re-
sulting from the coupling grating. Figures Alb and Alc show the limiting forms
for the transverse field distridbution for the desired even mode and the first
tvo kigher order spurious even modes. Thus, in Figure Alb, for loose coupling,
the coupling grating closely approximates 4 perfectly conducting wall. In
this case the desired mode is equivalent to the TE10 mode, and the first two
spurious modes are equivalent to the TE20 and TEBO modes in unperturbed wave-
guide of width equal to a. On the other hand, in Figure Alc, for very tight
coupling, the common wall is essentially ccmpletely removed. In this case the

desired mode is equivalent to the TE, . mode, and the first two spuricus modes

10

are equivalent to the TE30 and TESO modes in unperturbed waveguide of width

equal to 2a.

For the modes having odd symmetry about the grating plane, this pline is a
plane of zero tangential electric field, and ciin, therefore, be replaced with a
perfectly conducting plane without disturbing the odd modes, On either side of
the grating plane, therefore, the odd modes have the same transverse field dis-

tributions as the evenmodes under loose coupling conditions.
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It can be seen therefore that the spurious mode conversion coefficients
should be talculated for the two extreme cases represented by Figures Alb and
Alc. For the odd modes, or for the even modes under very loose coupling, the

mode conversion coefficients can be calculated from the following formula.

ST
Bao . 2a 2278 4m (al)
E A T / 2002 =
10 (°-1)

(10)

Equation al was deri%ed by a method employed by Solymar to derive the

spurious mode conversion coefficients in tapered circular waveguide carrying

the TEO1 mode. In equation al the mode index m can take on the integer values,

m=2,3,4,5 ¢+ )\, and the factors a
)

, a8, and T are defined in Figure Al.

1’ 72

The factor a, without dubscript, is equal to a, or a,, depending on whether the

1 2
mode conversion is beinp calculated at the interface between taper and rectangular

wavesuide of width a, or a In deriving this formula, it was assumad that the

1 2°
modes being considered wege for above cutoff. It is believed that the mode con-

version coefficient for a\Zpurious mode near cutoff is lower than the value

calculated from equation al.

The spurious mode convarsion coefficients for the even modes in the limit
of very tight coupling (Figule Alc) can be calculated from formulas published

(1,11}

by Solymar * for rectangular waveguide tapers. In this case the mode conversion

coefficient for the spurious 30 mode in the double width waveguide can be cal-

culated from the following foriula cerived .rom Solymar's results.

2 52-a1.
A (—r) =

Note that the even modes of Figure Alc transform into the corresponaing

E
539 = (0.152)
10

£

even .odes of Figure Alb as they travel into regions of looser coupling. For

this reason the TE30 mode in the double width waveguide can be considered to be

a "distorted" TE20 mode of the single width waveguide. Using this point of view

46
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the 'I‘E29 mode can be considered the strongest spurious mode for all values of

coupling.

As an example of the use of the above formulas, consider the following

case.

& o= 2.800 t = grating thickness = 0,100"
a, = 2.050" A =1.313" (9.0 GHz)
T = 15.000"

Using eguation al there results

£
20 254 8.t
E"i

o)a = 2.80"

Sl

e

For this case equation al shows that the TE30 mode in the single width waveguide

-27.34 db

K’I

a=2,05"

is ~13.5 db relative to the Tuag mode .,

Using equation a2 thers results

{E,
~9 = 25.74 db
Eiofs = 5.700"
E
30 ,
(E -28.4 db

1

10 a = 4.200"

In this case & has besa get equal to 5.700" and 4.200" ro account for the double
width wavegulde plug the grating thickness. Equation a2 actually applies only
at the a8, taper cross section, since loose coupling is always employed near the

az cross section.

The above cz culated values of mode conversion for the individual taper
discontinuities appear reasonable when compared with the measured results ob-

tained with four taper discontinuities (Figures 2.4, 2.9).
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The above calculations show that the taper dis-ontinuities generate predom-
inantly the TEZO spurious mode for all values of the grating coupling, and that

the TE.,. mode is of the order of 13 db below the TE,. mode. Any device that is

30 20

employed to compensate the taper discontinuities must have similar character-

istics. Figure A2 shows a method for generating predominantly Tan or TEZO

modes which employsmetal or dielectric wedges on the side walls of the rectangular
waveguide. The wedges are tapered as shown in order to minimize back scattering.
In Figure A2a identical wedges, either metal or dielectric, are placed on the

two side walls. This results in the generation of only the TE,,. mode, the TE

30 20
mode being suppressed by symmetry., One can also argue that the two wedges in

Figure A2a generate equal TE,  modes which add constructively in phase to pro-

30

duce a net TE30 mode output. On the other hand, cach of the two wedges generate

equal TE,. modes which add destructively in phase to produce a net TE2 mode

20 0
amplitude equal to zern, It should be noted that the TEZO and TE3O modes

generated by each of the wedges is approximately 90° out of phase with the

incident TE, . mode. This is true, provided the length of the wedge in the

10
axial direction is a small fraction of a beat w.velengtn. The TEZO and TEBO
modes lead the incident TEIO mode by 90° in the case of a metal wedge, and lag

by 90° in the case of a dielectric wedge.

From the above discussion it can be seen that it should be possible to em-
ploy a combination of a metal and a dielectric wedge as shown in Figure A2b in

order to generate predominantly a TEZO mode. Of course the relative sizes of

the metal and dielectric wedges must be adjusted to obtain exact cancellation

of the TE3O mode generated by the two wedges in combination. Since the TEZO

mode generated by the wedges is approximately 90° out of phase with respect to

the incident TEIO mode, it can be r~en that the net result is to tilt the wavefront

toward the dielectric wedge. This is what is required in crder to reduce the

spurious modes generated at an abrupt change in the angle of a straight iaper.
48
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Appendix 2
TEln’ Tnln Mode Generating Wedge

Figure A3 shows the d'mensions of the E-plane wedge. The mode conversion
coefficient k between the TE, B mode and the (E. , TMI composite mode can be
on 10 1n n

determined by assuming that the wedge is equivalent to a short S-plane bend.

In this case e¢quation 12 of Reference 12 applies. For operation far above cutoff

this becomes for n odd only),

2bs
- al

konz 2
n xR\

For even values of n,kon ie zero. For b/A = 2, z/R = 1/6 there results

%

0.6
== ak
n

=]
N

(=)

A

‘on

; -
The nrormalized woltage Ell for the TEll, TM11 composite mode at the output
of the wedge can bz cslculated approximately by assuming that this mode is de-

generate with the TE10 mode. In this case,

|E11| = gin k01z = gin 0.6 = 0,565

The normalized voltage Elo for the TEIO mode is

E;o| = cos ky z = cos 0.6 = 0.8251

11

=

= ton 0.6 = 0.6847 = -3.28 db
Ejo '

The measured value of EH/E10 was approximately -2 db which is fair agreement
with the calculated value. Measured values of the TEIZ’ TM12 and TE13, TM13

composite mode voltages were of the order of -20 db or less relative to the

TElc mode.
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Appendix 3

CORRECTIONS TO PROGRESS REPORT NO. 1 OF CONTRACT AF30(602)-3682

1. In Section 2.31 equation 2.92 should have the following form

2

[ :
c - M m
pm Vm Gm 1+ Vv
mm

2, In Section 2.42, the second sentence of paragraph 2 should be wodified to
read: It is seen that the large fluctuations in coupling obtained with
the 1.000" spacings are not obtained with the C.500" spacing, except at

approximately 10 Gc which represents the aTElO mode resonance.

3. In Figure 2.4a delete a/d = 2.800 and add d/\ = 0.7861.

e
.

In Section 2.41, the first sentence of paragraph 2 should read: Figuress2.l7a,
b, ¢ and d show the results obtained with 30 holes having d = 1.000",
t = 0,100", w = 0.100" and a = 2,500". In the third sentence of this

paragraph Figure 2.17 should be substituted for Figure 2.8.

5. In Section 3.11 the last sentence in the first paragraph (just below
equation 3.2) should read: For a slot on each side wall ¢f the main wave-

guide the coupling is equal to VE times the value given by equation (3).
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